Quantum criticality in cubic heavy fermion compounds remains much less explored than in quasitwo-dimensional systems. However, such materials are needed to broadly test the recently suggested global phase diagram for heavy fermion quantum criticality. Thus, to boost these activities, we review the field, with focus on Ce-based systems with temperature-magnetic field or temperaturepressure phase diagrams that may host a quantum critical point. To date, CeIn 3 and Ce 3 Pd 20 Si 6 are the only two among these compounds where quantum critical behaviour has been systematically investigated. Interestingly, both show Fermi surface reconstructions as function of the magnetic field that may be understood in terms of Kondo destruction quantum criticality.
I. INTRODUCTION
Heavy fermion compounds are at the forefront of research in quantum criticality. 1, 2 The competition between the Kondo interaction that tends to screen local moments and the RKKY interaction that favours a magnetically ordered ground state frequently leads to low-lying phase transitions. External tuning parameters such as magnetic field or pressure can either stabilize or weaken the order. This is usually reflected by an enhancement or a suppression of the ordering temperature. If the ordering temperature can be fully suppressed to zero, a quantum phase transition is accessed. The transition between two distinct ground states may happen in a discontinuous way -by a first order quantum phase transition, or be continuous. In the latter case, we refer to it as quantum critical point (QCP). The interest in these zero-temperature singularities stems from the observation that finite-temperature properties show unconventional behaviour in the vicinity of a QCP.
A theoretical description of quantum critical behaviour was derived by extending the theory of classical criticality to zero temperature. 3, 4 Agreement between experiment and the predicted power laws and scaling relations was found in some cases, but pronounced deviation have also been observed. These latter have led to the development of scenarios where the criticality is not merely due to the vanishing of the order parameter but where another mode is simultaneously critical. A prominent example is the theory of local quantum criticality.
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In this theory of the antiferromagnetic (AFM) Kondo lattice with strong two-dimensional spin fluctuations, in addition to the order parameter also the Kondo interaction is suppressed to zero at the QCP. Experimental evidence supporting this "Kondo destruction" scenario has been reviewed recently. 6, 7 .
Interestingly, some experiments suggest that both energy scales can also be detached from each other. 8, 9 This can be rationalized in a global phase diagram of AFM heavy fermion quantum criticality. [10] [11] [12] The two parameters that span this zero-temperature phase diagram are the Kondo interaction J K and the frustration parameter G. It was recently pointed out that G may be identified with spacial dimensionality and, in particular, that cubic compounds are good candidates for probing the global phase diagram in the limit of "high dimensionality" (low G).
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Here we thus review cubic heavy fermion compounds for which low-lying phase transitions have been observed. We constrain ourselves to pure (non-substituted) Ce-based heavy 2 fermion compounds that can be tuned by magnetic field or pressure. We are not aware of any previous review on this topic and hope that it will be a useful guide for future research.
II. ORDERED PHASES
In various cubic Ce-based heavy fermion compounds, low-lying phase transitions have been observed and were shown to depend on non-thermal tuning parameters such as magnetic field or pressure. In some of these, the phase transition temperatures could be fully suppressed to zero (or, more precisely, to a value below the accessible temperature range).
These cases are of interest here as quantum critical behaviour might emerge from zerotemperature phase transitions.
In Fig. 1 magnetic field-temperature phase diagrams of various cubic Ce-based heavy fermion compounds hosting putative quantum critical points are shown.
A. CeB 6
The oldest and most thoroughly studied among these material is certainly CeB 6 . It crystallizes in the cubic CaB 6 -type structure of space group P m3m. Its magnetic fieldtemperature phase diagram 14 contains three different phases: a paramagnetic phase (I) at high temperatures, an antiferro-quadrupolar (AFQ) phase (II) at intermediate temperatures,
and an antiferromagnetic (AFM) phase (III) at the lowest temperatures (Fig. 1 a) . Under magnetic field, the AFQ ordering temperature T Q is enhanced. The nature of the AFM order (phase III or III ) depends on the direction along which the magnetic field is applied. The
Néel transition T N (B) is claimed to be of second order. 14 Early evidence for phase II being an AFQ phase was indirect. NMR experiments (in finite magnetic fields) revealed a splitting of the 11 B resonance line 15,16 below T Q , which is evidence for AFM order. Also neutron diffraction can only detect the AFM order induced by a magnetic field. 14 Direct evidence for the AFQ phase came from resonant X-ray scattering (RXS). 17 This technique was first used for 3d electron systems. 18 In CeB 6 , the L 3 edge of the Ce ion is probed. The energy level splitting of the 5d orbital, induced by the Coulomb interaction between the 4f and the 5d orbitals upon orbital ordering, gives rize to the RXS signal. The ordering wavevector was determined to be (1/2, 1/2, 1/2) (in units of 2π/a where a is the lattice parameter) in this way. 18 High-field measurements up to 60 T revealed a maximum of T Q (B) of almost 10 K at about 35 T and a decrease to 8 K at 60 T. 19 A full suppression of T Q has, however, not
been acheived yet. Much work has focussed on the determination of the magnetic structure, both the field-induced one below T Q and the spontaneous one below T N . 14, [19] [20] [21] Various different ordering wave vectors have been identified. At first sight such a complex magnetic behaviour may be surprising in view of the simple crystallographic structure. However, as will be explained in Sect. III below, it may be attributed to the various active multipoles.
B. CeTe
CeTe is a member of the much investigated family of Ce monochalcogenides (CeS, CeSe, CeTe) which crystallize in the faced-centered-cubic NaCl-type structure and have been intensively investigated for several decades. In zero magnetic field and at ambient pressure,
CeTe undergoes a second-order 22 phase transition at about 2 K to a type-II AFM state, with the ordered moments pointing along the magnetic ordering wavevector (1/2, 1/2, 1/2) (Ce moments are aligned ferromagnetically within (111) magnetic planes but point in opposite directions in adjacent (111) planes). 23 The ordered moment was determined to be between 0.15µ B and 0.3µ B .
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The magnetic field-temperature phase diagram at ambient pressure and at two different hydrostatic pressures is shown in Fig. 1 33 The magnetic order was shown to be fully suppressed by a magnetic field of about 60 T (Fig. 1 c) . 34 There is no evidence for further ordered phases in the accessed temperature and magnetic field range. Thus, the situation in CeIn 3 appears to be simpler than in CeB 6 , CeTe, and CeAg. Ce 3 Pd 20 Ge 6 is a member of the series R 3 Pd 20 Ge 6 (R = light rare-earth elements) of intermetallic compounds crystallizing in an ordered variant of the cubic Cr 23 C 6 -type structure of space group P m3m. 44 In this structure, the rare-earth atoms occupy two different crystallographic sites (4a site forming a face-centered cubic sublattice and 8c site forming a simple cubic sublattice), both with cubic point symmetry (O h and T d , respectively). In spite of this structurally more complex situation, the magnetic field-temperature phase diagram of features two phase transitions at about 0.53 K and 0.33 K. 51 The upper transition is enhanced by a magnetic field to a maximum value of 1.2 K at 8 T. 13 The lower transition was later tracked in detail by transport measurements and was shown to be completely suppressed by a field of 0.9 T. 58 Due to the different symmetries of the quadrupolar moments and the dipolar and octupolar moments, quadrupolar ordering cannot induce additional moments in zero magnetic field. However, the application of a field lowers the symmetry and thus quadrupolar order will in general be accompanied by other moments induced by the external field.
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In heavy fermion systems, the Ce 3+ 4f 1 state interacts with conduction electrons (c-f hybridization). This leads to a broadening of the CEF split levels. A strong and anisotropic c-f hybridization might, in addition, even lead to a lowering of the cubic point symmetry and thus to a modification of the theoretically expected level scheme. Thus, the experimental determination of the level scheme in heavy fermion systems is far more challenging than in well localized f electron systems.
Generally, the energy splitting between the ground state and excited levels can be measured by any spectroscopic technique, provided the matrix element for that transition is sufficiently large. Typically, inelastic neutron scattering is employed, 59-63 but Raman spectroscopy 59 has also proven useful. If the CEF splitting is small and the broadening due to the c-f hybridization is large, it may be difficult to distinguish the CEF excitation (e.g., inelastic Γ 7 → Γ 8 transition) from quasielastic scattering (e.g., elastic Γ 7 → Γ 7 scattering).
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To decide which of the levels is the ground state requires a careful determination of the scat- 67 and has been proposed as mechanism for the pressure induced putative AFQ order of CeTe. 25 In fact, fits to the temperature dependence of the magnetization at various pressures yielded a reduction of the CEF splitting with pressure. This was suggested to be responsible for stabilizing the AFQ order under pressure. 25 Also the enhancement of the AFQ phase transition temperature under magnetic field is consistent with this scenario.
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In CeAg, inelastic neutron scattering experiment observed a CEF excitation at about 265 K (23 meV). 68 Magnetoelastic measurements assigned the Γ 8 quartet as the CEF ground state.
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The CEF level scheme of CeIn 3 was explored by inelastic neutron scattering on powder 32, 70 and single crystalline samples. 71 A broadened CEF excitation is observed at about 140 K (12 meV). 32, 70, 71 From an analysis of the magnetic susceptibility the Γ 7 doublet was suggested to be the ground state. 72 This was later confirmed by magnetic form factor measurements which are best explainned with a Γ 7 ground state with some admixture of the Γ 8 wavefunction.
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In 61 Since the magnetic entropy reaches R ln 4 per Ce-mole at about 10 K the Γ 8 wave function was assumed to be the ground state. 49 From the ratio of the intensities of the two excitations the one at 60 K was associated with the 4a site and the one at 46 K with the 8c site.
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In inelastic neutron scattering on Ce 3 Pd 20 Si 6 , on the other hand, only one excitation at 44 K (3.8 meV) was clearly resolved. 63, 75 This could either imply that the excitation energy is similar for both Ce sites and that the peak thus contains both excitations, or that the excitation energy of the second site is much smaller or much larger than 44 K. An analysis with a very low excitation energy of only 3.6 K (0.31 meV) for the 8c cite was attempted 63 but the subtraction of the large quasielastic signal puts large uncertainties on this analysis.
The magnetic entropy exceeds 3R ln 2 per formula unit already at 1.5 K. 76 If the excitation energy is 44 K for both Ce sites, this would imply that at least at one of the Ce sites assumes a Γ 8 ground state. Further investigations are needed to clarify the situation.
IV. STRUCTURAL TRANSITIONS
One important question is whether the orbital ordering observed in most of the systems discussed above is associated with a structural transition. This may reduce the cubic symmetry of the system and thus change the degree of frustration (the value of G in the global phase diagram). In transition metal oxides, orbital order frequently leads to a Jahn-Teller lattice distortion and thus to a lowering of the symmetry. 77, 78 This is due to the large spacial spread of the 3d electron orbitals which leads to a strong coupling with the lattice. 4f
electrons are more localized and thus their coupling with atomic displacements is expected to be weaker.
In CeB 6 a high-resolution neutron powder diffraction investigation has searched for lattice distortions in the vicinity of T Q and T N . Within the accuracy of the experiment, which was 0.0003Å for the lattice parameter and 0.003
• for the angle, no distortion cound be detected.
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In CeTe under ambient conditions in magnetic field and pressure, an X-ray diffraction study could not resolve any structural distortion at the transition into phase I. The upper limit for the amplitude of possible distortions was set to 10 −3 lattice units by this experiment. 23 Only at very high pressures (8 GPa), a structural phase transition from the NaCl-type structure to the CsCl-type structure (both cubic) occurs.
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Neutron diffraction experiments on CeAg revealed that the transition at the putative FQ transition T Q is accompanied by a sizable lattice distortion (c/a − 1 = 1.9 %) and thus by a lowering of the symmetry from cubic to tetragonal.
68
In the temperature-magnetic field phase diagram of CeIn 3 the Néel transition is the only phase transition. Thus, any structural distortion would be expected to accompany this transition. However, neutron diffraction could not reveal any structural change at T N and the magnetic reflections can be indexed on a doubled unit cell of cubic symmetry. not resolve any structural distortion between 40 mK and room temperature. 63 The perfectly isotropic behaviour of phase III further supports the absence of a symmetry lowering structural transition. 13 
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V. CONTINUOUS VS FIRST ORDER TRANSITIONS
For a finite-temperature phase transition to lead to quantum criticality it needs to remain continuous as it is suppressed down to T = 0. A much employed technique to reveal the order of a finite-temperature phase transition is to search for thermal hysteresis effects. The presence of a thermal hysteresis across the phase transition temperature revealed in any of the physical properties is a strong indication for the first order nature of the transition.
Among the compounds discussed above, only for CeOs 4 Sb 12 pronounced thermal hysteresis effects were revealed. The temperature dependence of the nuclear spin lattice relaxation rate as well as the full width at half maximum of the NQR spectrum of the Sb nuclei show a hysteresis below T 0 upon heating and cooling the sample. 74 This indicates that the phase transition at T 0 is of first order.
VI. EFFECT OF PRESSURE
In Sect. II we have discussed the magnetic field-temperature phase diagrams of various cubic Ce-based heavy fermion compounds. Some of these have also been studied under pressure. The purpose of this section is to review these pressure studies and to highlight cases where a pressure-tuned quantum critical point (QCP) has been accessed or may be in reach. In Fig. 2 the temperature-pressure phase diagrams of five different cubic heavy fermion compounds are shown.
For single crystalline CeB 6 , the phase diagram under hydrostatic pressure (Fig. 2 a) was determined by magnetic susceptibility measurements in small fields applied along the [100] direction, using extrapolations to zero field. In CeAg, both the putative FQ transition at T Q and the FM transition at T C have been studied under pressure. T Q (p) was tracked by electrical resistivity measurements.
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Below 2.2 kbar, T Q (referred to as T M 1 by the authors 30 ) is independent of pressure and no thermal hysteresis is observed. At 2.2 kbar and above, T Q is strongly enhanced up to room temperature at 20 kbar and shows pronounced thermal hysteresis 30, 84 . T C (p) (Fig. 2 b) was derived from magnetic susceptibility measurements under hydrostatic pressure 85 and from electrical resistivity measurements under hydrostatic 84 and quasihydrostatic 86 pressure.
Below 10 kbar, according to all three experiments, T C increases with pressure. At higher pressures, T C decreases according to the former two experiments but saturates and then further increases according to the latter experiment. Sample dependencies below T Q were attributed to different initial strains in the samples due to different growth processes 31 . Such effects might be responsible for these conflicting results. At pressures above 30 kbar no signs of a FM transition were detected down to 2 K. 85 This might suggest that ferromagnetism is suppressed in a sharp first order transition at pressures slightly above 30 kbar. Clearly, further experiments are needed to clarify the situation.
In CeIn 3 , the pressure evolution of the Néel temperature was first determined by electrical resistivity measurements, which show a discontinuity in the temperature gradient at T N .
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Hydrostatic pressure continuously suppresses T N from 10 K at ambient pressure to below 3 K at 25 kbar. Beyond this pressure, the signature in the electrical resistivity gets lost. A superconducting dome appears in the vicinity of the critical pressure for the full suppression of T N , estimated to about 26 kbar (Fig. 2 c) . 87 The pressure dependence of T N 88 is plotted together with the field dependence of T N 34 in Fig. 1 c. Recently, electrical resistivity under pressure was measured on polycrystalline samples of Polycrystalline Ce 3 Pd 20 Si 6 has only very recently been studied under pressure. The evolution of T N and T Q with hydrostatic pressure (Fig. 2 e) was determined by electrical resistivity, magnetoresistance and specific heat measurements. 91 T N increases almost linearly 14 with pressure whereas T Q decreases. A linear extrapolation of both dependencies suggests that T N (p) and T Q (p) intersect at 7 kbar. Ongoing measurements under higher pressure will reveal whether T Q and/or T N can be fully suppressed by pressure.
VII. QUANTUM CRITICAL BEHAVIOUR
In spite of the wealth of information on magnetic field-and pressure-tuned phase transitions in cubic Ce-based heavy fermion compounds presented above, investigations of quantum criticality have been carried out only in few cases.
An interesting early observation on CeB 6 is that the Sommerfeld coefficient γ of the Fermi liquid (FL) contribution to the specific heat, C = γT , as well as the A coefficient of the FL form of the electrical resistivity, ρ = ρ 0 + AT 2 , show cusp-like enhancements near the critical field for the suppression of the AFM phase of about 1.3 T (Fig. 3 a) . 92 Such field dependences are today considered as strong indications for quantum criticality.
CeIn 3 is certainly the most prominent Ce-based quantum critical compound with cubic crystal structure. 34, 87, 88, 93, 94 As discussed above, the Néel transition can be continuously suppressed to zero by either a magnetic field or by pressure. In the vicinity of the critical pressure p c = 26.5 kbar, the temperature dependence of the electrical resistivity shows clear deviations from FL behaviour and is better described by the non-Fermi liquid (NFL) form (Fig. 3 b) .
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Also in Ce 3 Pd 20 Si 6 , quantum critical behaviour has been observed, 13 with the electrical resistivity close to the critical field µ 0 H c = 0.9 T being best described by a NFL form with an exponent n = 1. 52 The A coefficient of the FL form, determined at the lowest temperatures away from H c , is strongly enhanced towards H c (Fig. 3 c) . 95 Isothermal field dependences of the longitudinal and transverse magnetoresistance and the Hall coefficient show a crossover at a characteristic field H * that coincides with H c only in the zero-temperature limit. 13 The width of the crossover sharpens with decreasing temperature in a pure power-law fashion, resulting in a sharp step in the extrapolation to zero temperature, much like the situation in the tetragonal heavy fermion compound YbRh 2 Si 2 . 96, 97 This extrapolated zero-temperature discontinuity in the transport properties was interpreted 13, 96, 97 as Kondo destruction.
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In to "small". As a consequence, local moment order may occur. As low-dimensional spin fluctuations are needed in the formulation of the theory, 5 it was considered unlikely that a Kondo destruction QCP could appear in three-dimensional systems. In cubic Ce 3 Pd 20 Si 6 , the AFM phase is isotropic 54, 55 and thus it seems plausible to consider it as three-dimensional system. The global phase diagram for AFM heavy fermion compounds 9-12 provides a way to think about the unexpected Kondo destruction in this compound. 13 In the region of small values of the magnetic frustration parameter G, a transition from an antiferromagnet with small Fermi surface to an antiferromagnet with large Fermi surface is predicted. In fact, the Kondo destruction QCP in Ce 3 Pd 20 Si 6 occurs at the critical magnetic field for the suppression of antiferromagnetism (phase III in Fig. 1 f) , inside the putative AFQ ordered phase (phase II in Fig. 1 and (c) A vs magnetic field for Ce 3 Pd 20 Si 6 . 95 The plot in (a) was remade by C. Marcenat because the corresponding plot in the original reference 92 is not electronically available is sufficient quality.
VIII. SUMMARY AND OUTLOOK
In this brief review, we have assembled information on Ce-based cubic heavy fermion compounds that show low-lying, tunable phase transitions and are as such candidates to further explore heavy fermion quantum criticality in the three-dimensional limit.
A discriminating characteristic is the crystal field ground state of the Ce This distinction may help to identify whether or not the magnetic order in a given material is intimately coupled to quadrupolar order. Details on how the different ordered moments interact with each other and with the conduction electrons remain to be explored.
Finally, we would like to point out that the insulating sister compounds of heavy fermion metals, fully-gapped Kondo insulators, are all cubic. The role of quadrupolar (or higher multipolar) interactions in Kondo insulators is largely unexplored, and so is the question whether or not these interactions are important for the formation of topological Kondo insulators.
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